Abstract Repeated administration of 3,4-methylenedioxymethamphetamine (MDMA) (ecstasy) produces eccentric left ventricular (LV) dilation and diastolic dysfunction. While the mechanism(s) underlying this toxicity are unknown, oxidative stress plays an important role. MDMA is metabolized into redox cycling metabolites that produce superoxide. In this study, we demonstrated that metabolites of MDMA induce oxidative stress and contractile dysfunction in adult rat left ventricular myocytes. Metabolites of MDMA used in this study included alphamethyl dopamine, N-methyl alpha-methyl dopamine and 2,5-bis(glutathion-S-yl)-alpha-MeDA. Dihydroethidium was used to detect drug-induced increases in reactive oxygen species (ROS) production in ventricular myocytes. Contractile function and changes in intracellular calcium transients were measured in paced (1 Hz), Fura-2 AM loaded, myocytes using the IonOptix system. Production of ROS in ventricular myocytes treated with MDMA was not different from control. In contrast, all three metabolites of MDMA exhibited time-and concentration-dependent increases in ROS that were prevented by N-acetyl-cysteine (NAC). The metabolites of MDMA, but not MDMA alone, significantly decreased contractility and impaired relaxation in myocytes stimulated at 1 Hz. These effects were prevented by NAC. Together, these data suggest that MDMA-induced oxidative stress in the left ventricle can be due, at least in part, to the metabolism of MDMA to redox active metabolites.
Introduction
3,4-Methylenedioxymethamphetamine (MDMA), most commonly known by the street name ecstasy, is characterized as an amphetamine/stimulant, psychedelic (hallucinogen), or empathogenic-entactogen [1] . Despite the popular misconception that ecstasy is ''safe'', MDMA can produce cardiac arrhythmias, myocardial infarction and dilated cardiomyopathy [2] [3] [4] [5] . We have previously shown that repeated binge administration of MDMA in rats produces myocarditis, accompanied with inflammatory infiltrates and areas of necrosis [6] . Furthermore, binge administration of MDMA produces eccentric left ventricular dilation and diastolic dysfunction that is accompanied by cardiac myocyte contractile dysfunction and impaired relaxation [7] . These structural and functional deficits were associated with enhanced left ventricular oxidative stress. The mechanism(s) by which MDMA produces oxidative stress in the heart remains to be determined.
It is widely reported that systemic administration of MDMA can damage central serotonergic neurons by an oxidative stress-dependent mechanism [8] [9] [10] . Studies revealed that MDMA is metabolized to catechols that can undergo redox cycling, with the formation of reactive (and unstable) orthoquinones, generating large quantities of reactive oxygen and nitrogen species [11] . The redox active metabolites of MDMA have also been implicated in the toxic effects of MDMA on the heart, kidney and liver [12] [13] [14] [15] in vitro.
The effect of MDMA on isolated cardiac myocyte function has not been extensively studied. A report from Carvalho et al. [12] found that MDMA metabolites elicited cytotoxic effects on isolated cardiac myocytes including morphological changes and decreased activity of ROS scavenging systems. However, the effects of MDMA and its metabolites on cardiac myocyte excitation-contraction coupling are not known. Therefore, the first goal of this study was to determine whether MDMA and/or redox active metabolites of MDMA, alpha-methyl dopamine (a-MeDA), N-methyl alpha-methyl dopamine (N-Me-aMeDA), or 2,5-bis(glutathion-S-yl)-alpha-MeDA (GSH-aMeDA), increased oxidative stress in adult left ventricular myocytes (ALVM). The second goal of this study was to determine whether MDMA and/or metabolites of MDMA produce alterations in myocyte function by a ROS-dependent mechanism.
Materials and Methods

Materials
Liberase Blendzyme 4 (Roche), Laminin-Entactin free Mouse (BD Biosciences), Dihydroethidium (SigmaAldrich), Fura-2 AM (Invitrogen), N-acetyl cysteine (Sigma-Aldrich). MDMA was a gift from NIDA. a-MeDA, GSH-a-MeDA and N-Me-a-MeDA were synthesized and purchased from Dr. Ana Lobo in the Organic Chemistry Department, Porto University (Portugal). A quantity of N-Me-a-MeDA was generously provided by Dr. David E. Nichols, Purdue University.
Male Sprague-Dawley rats (200-225 g; Harlan, Indianapolis, IN) were housed in a temperature-and humiditycontrolled room with a 12-h light/dark cycle. Standard rat chow and tap water were available ad libitum. All procedures were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Experimental Animals and approved by the Institutional Animal Care and Use Committee at Louisiana State University Health Sciences Center.
Adult Rat Cardiac Myocyte Isolation ALVM were enzymatically isolated as previously described [7] . Briefly, rats were anesthetized with a mixture of ketamine and xylazine (100/10 mg/kg, i.p.), hearts were removed and retrogradely perfused via the aorta using perfusion buffer (Alliance for Cell Signaling, Protocol PP00000125) followed by digestion buffer (perfusion buffer containing 12.5 lM CaCl 2 , 0.14 mg/ml trypsin and 0.25 mg/ml of Liberase Blendzyme 4). After digestion, the left ventricle was removed and minced in perfusion buffer with 12.5 lM CaCl 2 and 5% BSA. The concentration of CaCl 2 in the solution was gradually increased over 20 min to achieve a final concentration of 1 mM. ALVM were plated on 4-well culture slides or Warner chambers (coated with laminin) in minimal essential media (MEM) with Hanks' salts and 2 mM L-glutamine, supplemented with 5% calf serum, 10 mM 2,3-butanedione monoxime (BDM) and 100 U/ml penicillin. After 1-h incubation, ALVM were rinsed and placed in culture medium (serum-free MEM with 0.1% BSA, 100 U/ml penicillin and 2 mM L-glutamine). Myocytes with obvious sarcolemmal blebs or spontaneous contractions were not used.
ALVM Treatment
Freshly isolated ALVM were incubated in culture media for 1 h, followed by a quick rinse using 19 PBS. The various drug and antioxidant treatments were added to the ALVM in serum-free MEM with 0.1% BSA, 100 U/ml penicillin and 2 mM L-glutamine and incubated for the desired treatment duration. In selected studies the antioxidant N-acetyl cysteine (NAC) was added prior to treatment with MDMA or the metabolites of MDMA.
To measure concentration-dependent increases in ROS produced by MDMA or metabolite treatments, cells were plated on a 4-well chamber slide and incubated for 4 h with MDMA or the metabolites of MDMA (0.2, 0.4, or 0.6 mM). To measure time-dependent increases in ROS produced by MDMA and the metabolites of MDMA, cells were plated on 4-well chamber slides and MDMA or the metabolites of MDMA (0.4 mM) were added to the cells for 1 min, 10 min, 20 min, 30 min, 1 h, 2 h or 4 h.
Detection of ROS in ALVM
After 4 h, the media was removed and fresh media containing 5 lM dihydroethidium (DHE) was added to the cells and incubated at 37°C with 95% O 2 -5% CO 2 for 30 min. In the presence of superoxide (O 2
•-), hydrogen peroxide (H 2 O 2 ), or hydroxyl radical (OH • ), DHE is oxidized to ethidium, which intercalates into the nuclear DNA and can be visualized as a red nuclear pigment under ultraviolet light (excitation 500-530 nm; emission 590-620 nm). Cells were visualized using an inverted immunofluorescence microscope (Olympus, IX-70). Fluorescent images were obtained with a 109 objective using identical exposure times (2 s) and images were acquired using Slide The mechanical properties of ALVM were assessed using a SoftEdge video based edge-detection system (IonOptix Corporation, Milton, MA) as previously described [7] . An n of 15 cells from at least three separate isolations was used for each group. Briefly, cells were incubated with Tyrode's buffer containing 1 lM Fura 2-AM (Molecular Probes) for 10 min and then washed with Tyrode's buffer to remove excess dye. Myocytes were field stimulated with suprathreshold voltage (20-25 V) at 1 Hz (3-ms duration).
Sarcomere length was monitored from a red-light brightfield image (650-nm long-pass filter) and sarcomere length was measured using an IonOptix MyoCam camera. For [Ca 2? ] i imaging, Fura-2 AM-loaded ALVM were excited at 360 ± 6.5 nm and 380 ± 6.5 nm with an ultraviolet xenon lamp. Emission fluorescence was measured at 510 ± 15 nm.
Contractility and changes in intracellular Ca 2? were analyzed using an IonWizard data acquisition system (IonOptix). For sarcomere shortening, absolute twitch amplitude was measured as the difference between the systolic and the diastolic sarcomere length; sarcomere length (SL) shortening % was expressed as the ratio of absolute twitch amplitude to diastolic sarcomere length. Shortening velocity (-dl/dt) was used to measure the maximum velocity of sarcomere shortening during contraction and relengthening velocity (dl/dt) was used to assess the maximum velocity of sarcomere relengthening during relaxation. For the ratio of fluorescence intensities of Fura-2 AM (340 nm/380 nm), the amplitude was measured as the difference between baseline and peak length; Ca 2? transient amplitude was expressed as the ratio of absolute amplitude to transient baseline. Departure velocity was used to assess the maximum velocity of increase in intracellular Ca 2? . Return velocity was used to measure the maximum velocity of return of [Ca 2? ] i to baseline.
Statistical Analysis
Data are reported as mean ± SEM. Statistical comparisons were made by one-way or two-way ANOVA, with the Bonferroni post-hoc test (SigmaStat software) for group comparisons. Values of P \ 0.05 were considered statistically significant.
Results
Metabolites of MDMA Increase ROS in a Concentration-Dependent Manner
We used DHE staining to detect concentration-dependent increases in ROS using three different concentrations of MDMA (0.2, 0.4 and 0.6 mM), a-MeDA, N-Me-a-MeDA and GSH-a-MeDA (0.2, 0.4 and 0.6 mM). The 0.4 and 0.6 mM concentrations of a-MeDA and GSH-a-MeDA increased ROS in ALVM after 4 h of treatment as evidenced by the DHE stained nuclei (Fig. 1b, d ). All three concentrations of N-Me-a-MeDA increased ROS (Fig. 1c) . In contrast, MDMA failed to produce ROS in ALVM at any of the concentrations tested (Fig. 1a) .
Metabolites of MDMA Increase ROS in a Time-Dependent Manner DHE staining was used to determine the time course of ROS production in ALVM treated with 0.4 mM of MDMA, N-Me-a-MeDA, a-MeDA or GSH-a-MeDA. DHE staining was evaluated at 1 min, 10 min, 20 min, 30 min, 1 h, 2 h and 4 h after drug treatment. ROS was significantly increased after 1, 2 and 4 h of treatment with a-MeDA or N-Me-a-MeDA (Fig. 2) . In ALVM treated with GSH-a-MeDA, significant increases in DHE staining were detected only after 2 h of treatment (Fig. 2) . In control and MDMA treated cells, there was no detectable DHE staining at any of the time points tested (Fig. 2) .
N-Acetyl Cysteine Prevents ROS Elevation Induced by Metabolites of MDMA
We used N-acetyl cysteine (NAC), a glutathione precursor, to prevent metabolite-induced increases in ROS production in ALVM. ALVM were treated with MDMA (0.4 mM) or the metabolites of MDMA (0.4 mM) with or without NAC (1 mM) for 4 h. Compared to control, a-MeDA, GSH-aMeDA and N-Me-a-MeDA significantly increased DHE staining (Fig. 3) . Co-treatment with NAC significantly reduced ROS production elicited by a-MeDA, GSH-aMeDA or N-Me-a-MeDA (Fig. 3) . As before, treatment with MDMA failed to increase ROS in ALVM (Fig. 3) . Cells treated with NAC or MDMA plus NAC did not show any statistically significant increase in ROS production (data not shown). Compared to control ALVM, the contractile responses (measured by SL shortening %) in ALVM treated with aMeDA or GSH-a-MeDA were significantly decreased, while contractility was not affected by treatment with MDMA or N-Me-a-MeDA (Fig. 4a) . Co-treatment with NAC prevented or attenuated the decrease in contractility produced by a-MeDA and GSH-a-MeDA, respectively (Fig. 4a) . The amplitude of the intracellular Ca 2? transient in these cells was not affected by any of the treatments with or without NAC (Fig. 4b) . We next determined the kinetics of the contractile responses and the intracellular Ca 2? transients in ALVM treated with MDMA or its metabolites. a-MeDA or GSH-aMeDA significantly decreased -dl/dt (maximum velocity of shortening) compared to controls; however, -dl/dt was not significantly different in ALVM treated with MDMA or N-Me-a-MeDA (Fig. 4c) . The velocity of Ca 2? release from intracellular stores (departure velocity) was unchanged by treatment with MDMA, a-MeDA or GSH-a-MeDA compared to control (Fig. 4d) . Interestingly, ALVM treated with N-Me-a-MeDA exhibited a significant increase in departure velocity of Ca 2? (Fig. 4d) . The decrease in -dl/dt produced by a-MeDA was prevented by NAC. NAC only partially prevented the decrease in -dl/dt produced by GSH-a-MeDA and had no effect on the response elicited by MDMA or N-Me-a-MeDA (Fig. 4c) . Co-administration of NAC did not affect intracellular Ca 2? departure velocity in any of the groups tested (Fig. 4d) .
The maximum velocity of relengthening (dl/dt, relaxation velocity) was significantly decreased in cells treated with GSH-a-MeDA compared to control ALVM (Fig. 4e) ; this effect was attenuated by co-treatment with NAC (Fig. 4e) . MDMA, N-Me-a-MeDA, or a-MeDA had no significant effect on dl/dt compared to untreated controls (Fig. 4e) . Ca 2? return velocity, a measure of the rate of intracellular Ca 2? uptake, was significantly increased by treatment with N-Me-a-MeDA (Fig. 4f) . This increase in return velocity was not affected by co-treatment with NAC (1 mM) (Fig. 4f) . In contrast, treatment with GSH-aMeDA decreased the return velocity of intracellular Ca 2? , which was prevented by co-treatment with NAC (Fig. 4f) . There was no change in intracellular Ca 2? return velocity in ALVM treated with MDMA or a-MeDA (Fig. 4f) , and co-treatment with NAC did not affect these responses.
Discussion
Despite the popular misconception that MDMA is ''safe'', MDMA produces a number of actions on the cardiovascular system similar to other sympathomimetic stimulants [2, 3, [16] [17] [18] [19] [20] . We have previously shown that rat hearts subjected to four MDMA binges exhibit myocarditis with inflammatory infiltrates and areas of necrosis, eccentric left ventricular dilation and diastolic dysfunction [6, 7] . While the mechanism(s) responsible for MDMA-mediated left ventricular dysfunction is unknown, our data show that oxidative stress may play an important role [7] . Nonetheless, the question of how MDMA produces oxidative stress in the heart remains unanswered. Potential mechanisms include catecholaminergic stimulation or autooxidation of catecholamines [21] , mitochondrial dysfunction and leukocyte recruitment and activation [6] , and or coronary vasospasm-induced reperfusion ischemia [6, 21] . Recent studies have shown that MDMA metabolites play an important role in the toxicity of this drug [12] [13] [14] [15] . For example, MDMA is metabolized to catechols, which subsequently form orthoquinones. Orthoquinones are highly redox active molecules that can undergo redox cycling to generate reactive oxygen and nitrogen species [11] . This raises the possibility that redox active metabolites of MDMA play a role in MDMA-induced oxidative stress in the heart.
As is the case with all in vitro pharmacological studies, there are questions regarding the relevance of the drug concentrations used, compared to those attained in humans. In short-term mechanistic studies of toxicity, the use of concentrations sufficient to provide measurable, unambiguous effects is a common and mandatory practice. Our test concentrations of MDMA and its metabolites were determined after determining dose-response relationships. In addition, de la Torre et al. [22] showed that administration of 100 mg of MDMA (typical content of one tablet) in human volunteers produced maximum plasma concentrations of MDMA and N-Me-a-MeDA of 222.5 ± 26.1 and 154.5 ± 76.6 lg/l, roughly corresponding to 1 lM of each. Nevertheless, experienced ecstasy users are known to take as many as 8 tablets per session [23] , which would result in much higher plasma concentrations of MDMA and its metabolites. In one report, the antemortem serum concentration of MDMA in a young female who took 12 ecstasy tablets was about 20 lM, while the postmortem MDMA concentrations in blood taken from the heart were about 138 lM [24] . While postmortem redistribution may contribute to the high MDMA concentration in the heart, this concentration is similar to that tested in the present study.
Our data provide the first demonstration that MDMA metabolites can increase the production of ROS in ALVM, in a time-and concentration-dependent manner. In contrast, MDMA itself did not increase ROS production in ALVM, supporting other data that MDMA does not produce morphological or toxic effects in ALVM [12] . MDMA is demethylated in the liver by CYP2D6, although other isoforms (CYP1A2, CYP2B6 and CYP3A4) may also contribute to the total oxidative metabolism of the drug [25] . The extrahepatic distribution of these CYP450 enzymes suggests that little if any MDMA is metabolized in the heart [26] .
While the mechanisms are unknown, most evidence indicates that the metabolites of MDMA transit to and enter cardiac cells. N-Me-a-MeDA and a-MeDA can then be oxidized by catecholamine metabolizing enzymes to their corresponding intermediate ortho-quinones, which then enter redox cycles to their semiquinone radicals leading to ROS production. The ortho-quinones can then cyclize, forming toxic aminochromes [11] . In addition, the orthoquinones can be conjugated with GSH to form 5-(glutathion-S-yl)-a-MeDA and 5-(glutathion-S-yl)-N-Me-a-MeDA, respectively [27] which can be readily oxidized to the quinone-thioethers generating ROS [28] . The conjugation of GSH with these metabolites can further increase intracellular ROS by depleting this important antioxidant defense mechanism. N-Me-a-MeDA and a-MeDA also decreased the activity of the antioxidant enzymes glutathione reductase, glutathione peroxidase and glutathione-S-transferase in ALVM [12] .
To test whether an antioxidant could prevent increased ROS production in myocytes treated with metabolites of MDMA, we co-treated ALVM with N-acetyl cysteine (NAC) and the metabolites of MDMA. NAC provides an alternate means of raising intracellular glutathione (GSH, L-gamma-glutamyl-L-cysteinylglycine) via elevating intracellular cysteine or acting directly as a strong antioxidant. Furthermore, metabolites of MDMA are known to conjugate with intracellular GSH leading to GSH depletion, without a corresponding increase in GSSG, which may render the cells more susceptible to the effects of increased ROS. Our results show that the increases in ROS in ALVM treated with N-Me-a-MeDA, a-MeDA, or GSH-a-MeDA were blocked by NAC. This conclusion is in agreement with other studies that showed that either antioxidants or the overexpression of superoxide dismutase (SOD) prevents MDMA-induced neurotoxicity in rats and mice [9, 10, [29] [30] [31] [32] . Furthermore, in freshly isolated rat hepatocytes, pretreatment with ascorbic acid or NAC prevents GSH depletion, decreases ATP levels, loss of cell viability and the decrease in antioxidant enzymes activities produced by treatment with N-Me-a-MeDA [14] .
In summary, our data show that MDMA is not capable of increasing ROS levels in ALVM, while metabolites of MDMA significantly increased ROS levels in a time-and concentration-dependent manner. The increase in ROS was prevented by co-treatment with NAC.
Increases in ROS decrease myocyte contractile function in a concentration-dependent manner [33, 34] . Our data reveal for the first time that the increase in ROS produced by MDMA metabolites is associated with decreased contractility and impaired relaxation in ALVM. Treatment with a-MeDA or GSH-a-MeDA significantly decreased contractility (decreased sarcomere length shortening and -dl/dt). Contractility was also significantly decreased in ALVM isolated from rats subjected to four MDMA binges [7] . Surprisingly, the decreases in contractility were not associated with changes in the Ca 2? transient amplitude, or decreases in velocity of Ca 2? release from intracellular stores. How these metabolites decreased contractility, without changing intracellular Ca 2? , is unknown; however, increased ROS have been shown to decrease the sensitivity of the myofilament to changes in intracellular Ca 2? [35] . Furthermore, ROS can produce contractile dysfunction by inducing ASK1-dependent phosphorylation of cardiac troponin-T (cTn-T) [36] and activation of p90 Ribosomal S6 Kinase (p90RSK), which phosphorylates cardiac troponin I decreasing cTn-I Ca 2? sensitivity [37] . The decreases in contractility and DHE fluorescence were prevented with treatment of a-MeDA, and significantly reduced in cells treated with GSH-a-MeDA by NAC, indicating that metabolite-mediated increases in ROS play an important role in the contractile deficits. In addition to producing contractile deficits, GSH-a-MeDA also significantly impaired relaxation (decreased dl/dt) in ALVM. This finding is consistent with our data showing that binge administration of MDMA in vivo produces diastolic dysfunction [7] .
Contractile dysfunction produced in ALVM by MDMA metabolites may also reflect a decrease in intracellular ATP levels. a-MeDA and N-Me-a-MeDA or their oxidation products decrease ATP levels in ALVM and hepatocytes [12, 14] . Aminochromes, which are formed by the oxidation of MDMA metabolites, also decrease mitochondrial ATP production [38, 39] . Furthermore, ROS can directly inhibit protein complexes in the mitochondrial electron transport chain, decreasing ATP production [40] [41] [42] [43] . We have shown that MDMA treatment in vivo increases oxidative stress in the heart and causes the nitration of complexes III and V in the mitochondrial electron transport chain [7] .
Contractility and relaxation were not decreased in ALVM treated with N-Me-a-MeDA, in spite of the fact that this metabolite increased ROS production in ALVM. There was a trend toward an increase in the amplitude of intracellular Ca 2? after treatment with this metabolite; however, this increase was not statistically significant. This metabolite did significantly increase the velocity of Ca 2? release and Ca 2? reuptake; whether either of these factors could overcome a decrease in myofilament Ca 2? sensitivity is not known and is the subject of future investigations. The observed increase in the velocity of Ca 2? release may reflect the oxidation of N-Me-a-MeDA resulting in the formation of N-Me-a-MeDA quinone, which increases the release of Ca 2? from intracellular stores and inhibits Ca 2? efflux from the cell [44] . Furthermore, ROS can increase the opening probability of ryanodine receptors, decrease uptake of Ca 2? by SERCA, and enhance Na ? /Ca 2?
exchanger-mediated Ca 2? fluxes, all of which would affect Ca 2? homeostasis in the myocardium [45] . In summary, metabolites of MDMA (a-MeDA, N-Me-aMeDA and GSH-a-MeDA) produced concentration-related increases in ROS in ALVM. a-MeDA and GSH-a-MeDA, but not N-Me-a-MeDA, decreased ALVM contractility without changing intracellular Ca 2? transients. MDMA alone did not increase ROS production or alter contractile function. The contractile dysfunction produced by a-MeDA and GSH-a-MeDA was prevented or attenuated, respectively, by antioxidant treatment with NAC, suggesting that metabolite-induced decreases in ALVM contractility are mediated by increased ROS production. These data suggest that redox active metabolites of MDMA play a substantial role in mediating the previously reported cardiotoxic actions of this drug.
